ABSTRACT The accurate measurement of wave velocity has a significant effect on the locating accuracy of acoustic emission sources, especially in health assessment and determination for rock structures. There commonly exists some deviation between the measured velocity value and the actual velocity value due to the anisotropy of rock velocity, which causes the large locating error. In this paper, the locating error caused by the anisotropy for P-wave velocity is discussed quantitatively. The locating experiments were carried out on the sandstone sample, whose length, width, and height are 100, 100, and 200 cm respectively. The mineral composition and micro structures for the sample were observed. AE sources were triggered by lead breaks and the arrival times were detected through eight sensors. Then, the sources can be located based on time difference locating method. Results show that the difference of wave velocity is large in different directions, which reaches 2400 m/s. The errors of wave velocity affect the locating accuracy seriously, which is up to 20.5%. A total of 135 groups of velocity values in different directions were measured. It is found that the locating accuracy of repeatedly measuring velocity through diagonal line is higher than accuracy of traditional used axial velocity. In addition, the source locating accuracy can be improved greatly by measuring and solving the average wave velocity in multiple directions. However, the average velocity value corresponds to the locating result is not the best. Tests clarify that the optimal velocity is higher than the average velocity. It is suggested that the wave velocity should be measured in multiple directions for several times when performing the laboratory acoustic emission (AE) sources locating experiments. The conclusions provide important theoretical guidance for the current traditional AE sources locating experiments with only average value of axial velocities.
I. INTRODUCTION
Acoustic emission is a physical phenomenon which releases the internal elastic energy and produces the transient elastic waves due to the deformation and crack propagation of brittle materials under the effect of external or internal forces. In the laboratory, the spatial distribution graph and dynamic migration of the AE can be measured through the AE sensor networks. Then, the spatial complexity and the micromechanical mechanism of microfracture activity in rocks can be studied. There is a practical guiding significance on investigating the spatial location relationships between the AE and structure health of rockmass, as well as the preset structure, which can determine the possible locations of the future large magnitude events and study the unknown structures according to the graph and evolution of small magnitude events in the actual prediction of seismicity and rockburst in the deep mining [1] .
The three-dimensional locating study of AE events has been greatly promoted since the application of multi-channel data acquisition system with high-speed and the improvement of AE equipment. Jansen et al. [2] applied the AE technique to study the laws of damage accumulation of three dimensional microcrack, crack nucleation, and macroscopic crack propagation in rocks as time changes. Hirata et al. [3] found that the spatial distribution of AE sources has the fractal characteristics through the AE study on the creep of oshima granodiorite under 40MPa confining pressure. By applying a 32-channel waveform recording system, Lei et al. [4] obtained the temporal and spatial distributions of AE events in the severe J. Zhang: Effects of Anisotropy for P-Wave Velocity on Locating Accuracy fracturing process under the condition of triaxial compression for the rocks with fractures or joints. Furthermore, the activities of AE events are simulated quantitatively based on the b value in the G-R relationship, the self-exciting intensity of time series, and the fractal dimension of AE sources. Then, the prediction and characteristics of destructive fault damage are discussed.
The optimal approximation solution can be obtained through the iterative algorithm when the accuracy of data is not high enough. In addition, it is more advantageous for the iterative solution when the number of detectors that record the waveform is large. Christy [5] and Strang [6] improved the INGLADA method and USBM method in the aspect of iterative study, which achieved better locating effect than non-iterative method. Buland [7] introduced the Geiger algorithm [8] into the microseismic locating study, which solving the gradient of residual calculating equation by using the Taylor first order expansion method. In fact, its essence is the Gaussian-Newton iterative algorithm. Based on the Geiger algorithm, researchers such as Aki and Lee [9] , Pavlis and Booker [10] , Tarantola and Valette [11] , Pujol [12] , and Nelson and Vidale [13] proposed various improving methods which including the parameter separation, the joint inversion of three-dimensional velocity structure and source, solving the coupling velocity and source respectively. Thurber [14] expanded the residual calculating equation of time to the second order and solved the result. Dong et al. [15] - [19] proposed the microseismic sources locating method without pre-measured wave velocity and discussed the influence of different iterative methods on the locating accuracy, as well as derived the analytical locating equations under cube monitoring network and verified this method with AE experiments.
The study of spatial distribution of AE depends on the accurate location of AE, which is also the necessary prerequisite for investigating the mechanism and the dynamic evolution of microfracture. As for the locating methods, the methods used for AE events are mostly developed from the seismic source locating methods [1] - [4] , [20] - [28] . Seismic phase and the precise identification of its arrival time is one of the important issues involved in the locating method. Since all the probes working in the experiments are vertical, the arrival times of the shear waves are unclear compared to compression waves. Besides, the amplitude limiting is a lot of serious at the beginning for the larger AE events, so only the arrival times of P-waves are used to locate the sources in this paper. Another significant problem involved in the traditional locating method for AE events is the velocity model of the sample. The microcracks and grain size have a great impact on the wave velocity due to the high frequency and short wave length of AE events. It is interesting to note that simply imitate the locating methods applied in the field of natural earthquake, where based on the known or assumed known velocity structure and the basic stable crustal structure, seems to be problematic for locating AE sources. Although it is emphasized that the transient measured velocity field should be used for locating AE sources, the ''transient measured velocity field'' is still the average results for a period of time, rather than the original and authentic meaning of ''transient measurement''. Therefore, it is suggested that the transient velocity field should be considered carefully for the process of rock fracturing under rapid loading, which is relative to the changing rate of geostress.
In view of the above reasons, the AE sources locating method proposed by Dong et al. [15] is improved and the global optimal algorithm is brought in for searching the parameters to be determined. Combined with the real experiment conditions, the velocity values in different directions are measured through the lead break tests. Then, the effect of anisotropy for wave velocity on the temporal and spatial locating results was discussed. Given the problems mentioned above, the main objectives of this study are as follows:
• to evaluate the chemical composition and the anisotropy for P-wave velocity for tested sandstone;
• to analyze the velocity effects of different directions in rocks;
• to investigate accuracy of the statistical velocity for finding better velocity parameters; and
• to recommend reasonable P-wave velocity for AE sources location when performing the laboratory emission sources locating experiments and evaluating health of rock structures.
II. MATERIALS AND METHODS

A. EXPERIMENTS
The red-sandstone in Shandong Province was used as experiment sample. In order to reduce the discretization of results caused by the individual differences of the natural rock samples, the rock cores were extracted from the huge and complete red-sandstone without joints through dense boreholes. Then they were grouped by the sample which was the closest to the natural location. The collected red-sandstone was processed into a cuboid sample which the length, width, and height is 100, 100, and 200cm respectively by wet machining method in the laboratory. After the rock sample was molded, the end face was polished to make sure the flatness of the end face was controlled within 0.02mm. Then, the sample should be air-dried for more than two weeks in the laboratory where the ventilation condition was good. The mineral composition and micro structures were observed, with a set comparison diagram of X-ray diffraction (XRD) patterns shown in Fig. 1 . Main ingredients of sandstone comprise Quartz, Feldspar, Calcite, Hematite, Gypsum, Zeolite, and Montmorillonite. In accordance with the content of ingredients, the biggest one is Feldspar with 47.58%, following by Quartz with 14.59%, Montmorillonite with 11.57%, Calcite with 9.82%, Zeolite with 7.43, Hematite with 5.76%, and Gypsum with 3.25%. XRF Quantification of sandstone sample is listed in Table. 1. It shows the main formulas include Si, Al, Ca, and Na. Since above special contents, the uniaxial compressive strength of the sandstone reaches to about 120 Mpa.
The PCI-2 AE test and analysis system from American Physical Acoustic Corporation was used in the tests, which is the latest product from this company. The system is a fully digital, multi-channel, and computerized system, where the PCI-2 board ensures to minimize the acquisition of noise. As a result of the 18 bits A/D converting technique, the AE signals can be collected for real-time. At the same time, real-time collecting and storing the waveform signals can be achieved too. The PCI-2 system has remarkable advantages like ultra fast processing speed, low noise, low threshold, and reliable stability. The setting for related parameters of this AE system is stated below: the output of main amplifier is 40dB, the threshold is 45dB, the resonant frequency of probe is 20K-400KHz, and the sample frequency is 1MHz. For guaranteeing the experiment results, eight probes were arranged according to the manual of PCI-2 system to detect the signals. The surface of the AE probe was smeared with a layer of coupling agent and clung against the rock sample. Then, we can the fix the probe with adhesive tape and release the inside air.
The lead break is used to imitate the AE sources. The coordinates of eight sensors are from S 1 to S 8 respectively, which is S 1 (10, 0, 30), S 2 (90, 0, 30), S 3 (10, 0, 170), S 4 (10, 0, 170), S 5 (0, 50, 100), S 6 (100, 50, 100), S 7 (90, 100, 170), S 8 (50, 100, 100), where the unit is millimeter. Fig. 2 shows the position relations between the three-dimensional locating sensors and the AE sources. Table. 2 lists the coordinates of 25 sources for lead break. On the four sides of the cuboid, eight sensors were arranged respectively and 25 points for lead break were set. Before the locating test, the velocity values in different directions were measured firstly, which counts up to 135. Then, the locating test was performed in accordance with points for lead break.
B. LOCALIZATION METHOD
The propagation velocity of P-wave in the media is represented with parameter c. The arrival time of the k-th sensor is calculated as:
The difference between arrival times of any two different sensors i and j is calculated as:
According to (1), we can determine regression values for the measured values of any two groups x ik , y ik , z ik ; x jk , y jk ,z jk :
The deviation degree between regression values t c ij and the measured values t c ij can be described through their difference. The closer between regression values t c ij and the measured values t c ij , the greater fitting degree and accuracy will be. Using the quadratic sum of deviation degree about all the regression values t c ij and all the measured values t c ij can describe the deviation degree between measured values and fitting values. As a result, (x 0 , y 0 , z 0 , v) should make Q (x 0 , y 0 , z 0 , c) get the minimum value. So:
Since Equation (4) is a non-negative quadratic function about the independent variables x 0 , y 0 , z 0 , v, the minimum value is always there. It is easy to get the coordinate of source and the velocity value by calculating (4). As for the simple microseismic source locating problems, fitting the FIGURE 6. The locating results with the velocity value of 3800m/s, where the biggest locating error in axis is up to 46mm, the error of X -axis, Y -axis, Z -axis, and the absolute distance error is 6.89, 12.15, 13.37, and 22.25mm respectively.
FIGURE 7.
The locating results with the velocity value of 4100m/s, where the biggest locating error in axis is up to 36mm, the error of X -axis, Y -axis, Z -axis, and the absolute distance error is 6.63, 10.60, 13.36, and 21.07mm respectively.
values of x 0 , y 0 , z 0 will be enough. In order to analyze the velocity values in different directions, the source coordinate, sensors coordinates, the arrival time of P-wave are calculated as known parameters, while assuming the velocity value and trigger time as unknown parameters. Then, the unknown parameters can be solved through the above equations. Finally, the three-dimensional sources coordinates can be fitted by substituting the known parameters, which including velocity values in different directions, sensors coordinates, the arrival time of P-wave. The effect of anisotropy for wave velocity on three-dimensional locating accuracy will be analyzed reasonably.
III. RESULTS
The measured 135 velocity values are plotted in the histogram and distribution function graphs (Fig. 3) . It is difficult to find VOLUME 5, 2017 FIGURE 8. The locating errors under different velocity values. The error in the X -axis, Y -axis, and Z -axis, as well as the absolute distance error is represented with parameters X ae, Y ae, Z ae, and Dae respectively. There are the same meanings for these parameters in the Fig. 9 below. a suitable probability distribution or cumulative probability distribution to describe its characteristics due to the extremely discrete velocity distribution. There are three areas where the velocity values concentrate relatively, which is around 1700, 2800, and 4100m/s. In order to study the effect of different velocity values on the locating results, 25 pencil lead break sources were located with different velocity values. Fig. 4 shows the locating results with the axial average velocity value, while Fig. 5 exhibits the results with the average velocity value of 135 measured velocity values. In addition, Fig. 6 and Fig. 7 show the locating results to compare when the velocity value is 2800m/s and 4100m/s respectively. Results show that the difference of wave velocity is large in different directions, which reaches 2400m/s in the complete red-sandstone. The locating accuracy is affected seriously. The locating accuracy with the average velocity value of 135 measured velocity values is obviously better than the accuracy with the simple axial velocity value. It can be seen that the locating accuracy with the velocity values of 3800m/s and 4100m/s is higher than that of the average velocity value.
IV. DISCUSSION
To further discuss the influence of the velocity value on the locating accuracy, the average locating errors in the X -axis, Y -axis, and Z -axis and absolute distance errors of 25 lead break sources under different velocity values are shown in the Fig. 8 and Fig. 9 . It can be seen that the locating error in the X -axis is about 6.6-11.8mm, the locating error comes to the minimum when the velocity value is 3700m/s, which is 6.6mm. The locating error in Y -axis is about 10.6-30.7mm. When the velocity value is 4100m/s, the locating error is the 10.6mm, which is the minimum. The locating error in the Z -axis is from 11.7-16.9mm approximately, the locating error comes to the minimum when the velocity value is 3300m/s, which is 11.7mm. The range of absolute distance error is 21-41mm, that is 10.5%-20.5%. With the increase of velocity value, the absolute distance error takes a trend of decreasing in general. The locating error reaches the minimum value when the velocity value is 4100m/s and increases since the velocity value is 4200m/s. It can be speculated that the locating errors in the X -axis, Y -axis, and Z -axis, as well as the absolute distance error corresponding to different velocity values are varied, where is no obvious laws. When applying the average velocity value 2425m/s to locate lead break sources ( Fig. 10-(a) , Table. 3), the minimum locating error in X -axis is 0 of No.25 source, the maximum error is 24mm of No.23 source. In the Y -axis, the minimum locating error is 0 of No.14, 15, 16, 17, 18, 19 sources, the maximum error is 56mm of No.7 source. In the Z -axis, the minimum locating error is 0.17mm of No.15 source, the maximum error is 38mm of No.23 source. As for the absolute distance error, the No.15 source owns the minimum error 5mm, the No.10 source owns the maximum error 56mm. The locating errors in the X -axis, Y -axis, and Z -axis and absolute distance errors of 25 lead break sources are showed in the Fig. 10-(b) 16 source is the minimum locating error in the X -axis, the maximum error reaches 25.3mm which is No.23 source. In the Y -axis, the minimum locating error is 0.3mm of No.6 sources, the maximum error is 35.7mm of No.24 source. In the Z -axis, the minimum locating error is 0.4mm of No.16 source, the maximum error is 36mm of No.23 source. It can be concluded that the locating accuracy is affected significantly by different velocity values, the absolute distance error comes up to 20.5%. The source locating accuracy with the average wave velocity value which measured for many times is higher than the accuracy with axial velocity value. The absolute distance error doesn't reach the minimum value with the average velocity of all the 135 groups of measured velocity values. When the velocity value is 4100m/s, the absolute distance error reaches the minimum value.
V. CONCLUSIONS
Based on the principle of improved time difference locating method, the parameters including spatial locations of AE events, arrivals, and the wave velocity are examined in this paper. Combined with the laboratory experiments, the locating errors caused by velocity values differences of different lead break sources are discussed comprehensively, which provides theoretical preparation for the improvement of AE locating accuracy. It is found through this work that the difference of wave velocity is large in varied directions, which reaches 2400m/s in the complete sandstone. The locating accuracy is affected seriously by error of wave velocity, which is up to 20.5%. Also, the locating accuracy of repeatedly measuring velocity value through diagonal line is higher than the accuracy of axial velocity. Furthermore, measuring and solving the average wave velocity in multiple directions for many times will greatly improve the locating accuracy. These conclusions provide important theoretical guidance for the current AE sources locating tests, which locate sources simply with the axial wave velocity. As a result, it is suggested that the wave velocity should be measured in multiple directions for several times when performing the laboratory emission sources locating experiments and evaluating health of rock structures.
